Abstract: Whole-body cryotherapy (WBC) has been used as a recovery strategy following different sports activities. Thus, the aim of the study reported here was to examine the effect of WBC on vertical jump recovery following a high-intensity exercise (HIE) bout. Twelve trained men (mean ± standard deviation age = 23.9±5.9 years) were randomly exposed to two different conditions separated by 7 days: 1) WBC (3 minutes of WBC at -110°C immediately after the HIE) and 2) control (CON; no WBC after the HIE). The HIE consisted of six sets of ten repetitions of knee extensions at 60° ⋅ s -1 concentric and 180° ⋅ s -1 eccentric on an isokinetic dynamometer. The vertical jump test was used to evaluate the influence of HIE on lower extremity muscular performance. The vertical jump was performed on a force platform before HIE (T1) and 30 minutes after (T2) the WBC and CON conditions. As a result of HIE, jump height, muscle power, and maximal velocity (V max ) had significant decreases between T1 and T2, however no significance was found between the WBC and CON conditions. The results indicate that one session of WBC had no effect on vertical jump following an HIE compared with a CON condition. WBC may not improve muscle-function (dependent on stretch-shortening cycle) recovery in very short periods (ie, 30 minutes) following HIE.
Introduction
High-intensity exercise (HIE) performed during a training session or competition may temporarily impair human performance; this impairment may last minutes, hours, or several days following the exercise bout. 1 Thus, several treatment strategies have been suggested to optimize muscle recovery. 2 Among the most common approaches used to restore muscle function are nonsteroidal anti-inflammatory drugs, massage techniques, stretching, exercise, compression garments, ultrasound, electrical current, and cryotherapy. 1, 2 For decades cryotherapy has been used as a postexercise recovery strategy 3, 4 and a recent meta-analysis concluded that cold-water immersion is an efficient strategy to reduce delayed-onset muscle soreness following different exercise bouts. 5 Whole-body cryotherapy (WBC) was originally proposed for the treatment of rheumatic disorders in the 1970s. 6 WBC consists of exposure to very cold air (-110°C to 195°C) for 2-4 minutes. 7 The claims made about the benefit of WBC to human performance are based on positive effect on hematological profile 8 and the antioxidant system, 9 improved lipid profile (low-density lipoprotein decrease and highdensity lipoprotein increase), 10 and increased immunity. 9 These beneficial responses have reasoned the use of WBC as a recovery strategy following different sports activities. 
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Despite an increased number of studies on the effects of WBC on the human body few studies have investigated the effectiveness of WBC on muscle-performance recovery. [11] [12] [13] Among these studies, Hausswirth et al 13 compared WBC with passive recovery in hastening muscular recovery within the 48 hours after a running protocol designed to induce muscle damage. Results of this study suggested greater muscle strength after the WBC session (post-1 hour) compared with passive recovery. On the other hand, Costello et al 14 showed that WBC is ineffective in alleviating muscle soreness or enhancing muscle-strength recovery following exercise when WBC treatment was performed 24 hours after an eccentric muscle-damage exercise protocol. Thus, the results regarding the potential effect of WBC on muscle recovery after HIE remain controversial.
Therefore, the purpose of this study was to compare the effect of WBC with control conditions on jump-performance recovery following an HIE session. Our hypothesis was that WBC exposure would improve muscle performance after exercise.
Methods Subjects
Sample size was determined a priori using G*Power (v 3.1.6; University of Trier, Trier, Germany) with the level of significance set at 0.05 and power at 0.80. A pilot study was conducted with four subjects to find the magnitude of the difference between means of the CON and WBC conditions. Effect sizes of 0.49 and 0.61 for power output and jump height, respectively, were found. Based on these calculations twelve resistance-trained males (data shown as mean ± standard deviation; age 23.9±5.9 years, body mass 92.5±10.4 kg, height 180.5±5.8 cm, and body mass index 28.4±2.8 kg ⋅ cm ) were recruited to participate in this study. To ensure comparable responses to WBC exposure, subjects with similar features, like training history and body mass index, were recruited. 15 Subjects who had practiced noncompetitive resistance exercise for the purpose of muscle hypertrophy for at least 1 year, with no interruptions longer than 20 consecutive days and for at least 2 years before the study, were recruited. Their training routine included four to six split-training sessions per week, performing six to eight sets per muscle group, and six to twelve maximum repetitions per set with 60 to 120 seconds of rest interval between sets. They were informed of the purpose, procedures, possible discomforts, risks, and benefits of the study prior to signing written informed consent.
Subjects were determined healthy and fit for physical exercise based on their answers to the Physical Activity Readiness Questionnaire (PAR-Q). 16 Also, based on FerreiraJunior et al, 17 the following exclusion criteria were adopted: untreated arterial hypertension, cardiovascular or respiratory diseases, angina, peripheral artery occlusive disease, venous thrombosis, urinary tract diseases, severe anemia, allergy to cold, tumor diseases, viral and bacterial infections, Raynaud's syndrome, claustrophobia, or convulsions. During the testing schedule, the subjects were instructed to maintain their normal hydration and their normal diet practices.
This study was approved by the University of Brasilia Human Research Ethics Committee (Protocol: 71484/2012) and was performed in accordance with the Declaration of Helsinki ethical standards.
experimental design
This study had a randomized, controlled, crossover design. The subjects were assigned, using a random-numbers generator (randomization.com), to start with either the WBC or CON condition. Seven days later the subject repeated the other treatment. Firstly, subjects visited the testing laboratory for anthropometric measurements and experiment procedure familiarization. Then, subjects performed the first exercise session and, 7 days after, the second session. Each exercise session consisted of muscle-function testing involving a first vertical jump test (T1), HIE followed by a rest period of 30 minutes, and then a second vertical jump 
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Whole-body cryotherapy and vertical jump recovery test (T2) (Figure 1 ). The WBC exposure was administered immediately after the HIE for 3 minutes and the volunteers were allowed to sit and drink water ad libitum during the remaining 27 minutes between the WBC and T2 in a room with a temperature of between 21°C and 25°C. For the CON session the subjects remained seated in the same room for 30 minutes before performing T2.
Vertical jump test
Two vertical jump tests (each vertical jump test comprised three jumps) were performed pre-HIE (baseline) and 30 minutes post-recovery from HIE. No warm-up or stretching exercises were allowed before the jump test. The jumps were measured on an AMTI force plate (model BP400600-HF-2000; Advanced Mechanical Technology, Inc., Watertown, MA, USA), sampling at 1000 Hz, and stored on a computer. Data were processed using a routine written in MATLAB software (v R2008a7, The MathWorks Inc., Natick, MA, USA). For the vertical jump, the subjects placed their hands on their hips, performing three countermovement jumps as high as possible. A self-determined range of motion was permitted and the rest period between each jump was 1 minute. 18 Data obtained during vertical jumps were captured from manufactured software (AMTI Acquisition Software, v 4.2; Advanced Mechanical Technology, Inc.). Ground reaction force was calculated from math models described by Linthorne. 19 After this, curves of acceleration, velocity, and displacement were extrapolated. The velocity curve was obtained by dividing the resultant ground reaction force by the body mass of the subjects, which produced the acceleration curve. The displacement was obtained by numerically integrating the velocity signal. Finally, the displacement curve was integrated to obtain the displacement of center of mass at each instant of movement; the greatest vertical displacement was considered jump height. Power was obtained as the product of ground reaction force and velocity, and maximal velocity (V max ) was identified as the greatest value in the velocity curve.
high-intensity exercise protocol
After baseline jump-performance, subjects completed a reciprocal exercise bout consisting of 60 maximal concentric and eccentric actions of the right knee extensors. The knee extension exercise consisted of six sets of ten repetitions with 2 minutes rest between sets. The velocity was set at 60° ⋅ s -1 for concentric and at 180°⋅ s -1 for eccentric actions. Each concentric action was followed by an eccentric contraction to knee-extensor muscles. A range of motion of 80° flexion-extension (excursion between 10° and 90° relative to a 0° at full knee extension) was used. All exercise was performed on a Biodex System 3 Isokinetic Dynamometer (Biodex Medical, Inc., Shirley, NY, USA). The calibration and positioning procedures followed manufacturer's recommendations. Subjects sat in the chair in a manner that allowed the rotational axis of the dynamometer to remain aligned with the lateral epicondyle of the femur during exercise sessions. The lever arm was adjusted and fixed 5 cm above the calcaneus. The chair and dynamometer adjustments for each subject were recorded to ensure that the position remained constant throughout the testing period. Verbal encouragement and visual feedback through the dynamometer computer monitor were provided to encourage subjects to reach their maximum exertion level. 20 
recovery modalities
For the WBC condition, subjects stood in a head-out cryocabin based on gaseous nitrogen (Kryos Tecnologia, Brasília, Brazil) at -110°C for 3 minutes. In order to protect body extremities, subjects wore bathing suits, gloves, socks, and shoes with thermic protection. They were instructed to move around the cryo-cabin and to flex and extend their elbows and fingers throughout the 3 minutes.
For the CON condition, subjects followed the same procedures as the WBC condition however the chamber's temperature was 21°C.
Skin-temperature measurement
Skin temperature was measured immediately before (pre-cooling) and after (post-cooling) the application of WBC. The temperature was measured on the anterior midline of the thigh, midway between the proximal border of the patella and the inguinal crease. A 566 Infrared Thermometer (Fluke Corporation, Everett, WA, USA) was perpendicularly positioned and kept as close as possible to the skin without touching.
Statistical analyses
Descriptive statistics (means and standard deviations) were used to report jump height, power, and maximal velocity data. The Shapiro-Wilk test showed that all data were normally distributed. 
52
Vieira et al at 0.05. Complementarily, the effect size (ES) calculation was used to examine the magnitude of the treatment effect. Cohen's ranges of 0.2, 0.5, and 0.8 were used to define small, medium, and large d-values, respectively, obtained from differences between pretest and posttest scores divided by the pooled standard deviation. 21 
Results
There was no significant difference in initial skin temperature of 33.5°C±0.7°C among participants in the experimental groups (P.0.05). WBC exposure caused a decrease in skin temperature after 3 minutes of application (P,0.001): after WBC exposure the skin temperature was 18.3°C±7.1°C, while in the control group no significant change was observed (P.0.05).
The effects of HIE on vertical jump parameters (height, power, and V max ) are presented in Figure 2 . Jump height decreased significantly (P,0.05) after the two conditions (6.7% and ES =0.41 for CON; 10.1% and ES =0.47 for WBC). However, no main effect for condition was found (P=0.13). Power also decreased after both conditions (P,0.05; 7.4% and ES =0.40 for CON; 9.7% and ES =0.44 for WBC). No main effect for condition was found (P=0.16). V max decreased after both conditions (P,0.05; 2.8% and ES =0.34 for CON; 6.6% and ES =0.49 for WBC). No main effect for condition was found (P=0.37).
Discussion
The main finding of the present study was that WBC had no effect on vertical jump (height, muscle power, and V max ) recovery 30 minutes after an intense training session composed of concentric and eccentric actions when compared with a control condition. This result is in opposition to our hypothesis that WBC would improve muscle recovery.
Our findings are relevant because short-term recovery is very important in sports activities that require at least two maximal performances with short rest intervals (ie, judo competitions; fast triathlons; half-time in basketball, soccer, and American football games). Therefore, the potential benefits of recovery strategies such as WBC need to be further explored, and, to the best of the authors' knowledge, this is the first study to have investigated the potential short-term benefits of WBC on stretch-shortening exercise performance following HIE.
Studies by Hausswirth et al 13 and Fonda and Sarabon 12 demonstrated that WBC accelerates recovery from exerciseinduced muscle damage to a greater extent than passive recovery. Fonda and Sarabon 12 examined the effects of WBC on muscle-performance parameters during a 5-day recovery period. WBC was applied each day for 5 days during the recovery period and the exposures lasted 3 minutes at very low temperatures (-140°C to -195°C). Functional performance was evaluated by squat jump, counter movement jump, maximal isometric torque production, and rate of torque development. A significant improvement was observed in rate of torque development recovery after the WBC condition. Hausswirth et al 13 reported that three sessions of WBC performed within 48 hours after a damaging running exercise bout accelerated recovery. These authors used a counter-balanced design to evaluate nine runners that performed 48 minutes of running on a treadmill, designed to induce muscle damage. Markers of muscle damage (kneeextensor strength, plasma creatine kinase, and perceived sensations [ie, pain, tiredness, well-being]) were recorded before, immediately after (post), 1 hour, 24 hours, and 48 
53
Whole-body cryotherapy and vertical jump recovery hours after exercise. WBC enhanced muscle strength 1 hour after exercise, whereas the same was not observed under the control condition. In addition, WBC also improved perceived sensations compared with the control condition. Moreover, no difference in plasma creatine kinase activity was observed between conditions. In contrast, our results demonstrated that WBC performed immediately after high-intensity concentric-eccentric exercise has no effect on jump-performance recovery. Costello et al 14 showed that WBC is ineffective in alleviating muscle soreness or enhancing muscle-force recovery. They observed that, after 100 eccentric knee extensions at a velocity of 90°/s, WBC did not improve knee strength, power output, or muscle soreness at any time point when WBC was administered 24 hours after the eccentric exercise. These contradictory results are probably due to differences in cooling application time (ie, immediate application or 24 hours after exercise) and the different exercise type, duration, and intensity of the protocol used to induce muscle damage.
Previous studies have suggested that WBC exposure at -110°C decreases muscle temperature for at least 60 minutes after exposure. 14, 22 This decrease promotes physiological responses such as decreased cell metabolism, posttraumatic capillary dysfunction, and enzymatic activity. 4, 23 Collectively, these responses may preserve musclefiber function and reduce exercise-induced muscle-damage symptoms. 23 On the other hand, cold application may transitorily impair muscular performance. This transitory impairment may last from some minutes to 1 hour following the cold application. 24, 25 Thus, our results may be explained, at least in part, by the time the subsequent test was performed (30 minutes after WBC application). A possible benefit of WBC treatment could be masked by a deleterious effect of cold on muscular performance.
Studies investigating cooling effects using other cold modalities (ice or water immersion) also present contradictory results in force generation. 26, 27 Hopkins and Stencil 26 investigated the effects of ice application on the ankle joint. H-reflex and concentric torque were measured before; immediately after; and 30, 60, and 90 minutes following the ice application. They found increased H-reflex and plantar flexion torque at all time points following ice application. In contrast, Dewhurst et al 27 verified a decrease in isokinetic torque immediately after muscular cooling in a wide range of velocities (30 to 240°/s). Recently, Vieira et al 24 verified that cooling affects isometric and isokinetic torque production differently. They found an improvement in isometric torque, but a decrease in concentric isokinetic torque. Taken together, these results suggest that force development after muscular cooling is dependent on the cooled area (joint or muscle) and the muscle action performed (static or dynamic), all of which may influence the results.
The present results suggest that WBC is ineffective at accelerating jump-performance recovery 30 minutes after an intense training session composed of concentric and eccentric actions. However, caution should be taken when interpreting the present results because WBC was applied immediately after exercise and then the subsequent activity was performed 30 minutes after the exercise bout. Also, one possible limitation of the study was that just the right leg was trained and both legs were used for the jump test.
In this view, if exercise is performed soon after cold application, exercise performance may be decreased, particularly in high-intensity and explosive exercises. 28 It should be recommended that the subject allow sufficient time for tissue to re-warm. In this regard, a warm-up before exercise performance could be useful. It is suggested that WBC would be ineffective in similar conditions, but one cannot exclude the possibility that WBC may generate positive effects when used for pain alleviation or when administered several times in the subsequent days following HIE to treat symptoms of muscle damage.
Conclusion
WBC had no effect on jump height, muscle power output, or V max recovery following a high-intensity concentric-eccentric exercise bout when compared with a control condition. From a practical standpoint, WBC does not improve muscle-function recovery in very short periods (ie, 30 minutes) following high-intensity concentric-eccentric exercise. 
